The extension and intensity of the upwelling season in the NW Iberian Peninsula 14 (42º-43ºN) have decreased by 30% and 45% over the last 40 years, respectively. 15 Accordingly, the renewal time (τ) of the Rías Baixas, four large coastal inlets where 16 15% of the World extraction of blue mussels occurs, has increased by 240%. We 17 indirectly demonstrate here that the growing τ has caused the increasing occurrence of 18 harmful microalgae in these embayments, dramatically affecting mussel raft cultivation. 19
Introduction 28
Coastal upwelling systems often experience the occurrence of harmful algal 29 blooms (HABs), which represent a serious threat to humans, induce important 30 ecological perturbations, and cause major economic losses in fisheries and aquaculture 31 (GEOHAB, 2005) . Although the number of species and their harmful effects is highly 32 variable (Horner et al., 1997; Pitcher and Calder, 2000) , those causing toxin syndromes 33 are of primary concern for human health and, therefore, the economy of the affected 34 regions. Paralytic shellfish poisoning (PSP) and diarrheic shellfish poisoning (DSP) 35 attributed to several members of the dinoflagellates genus regularly occur in the four 36 major coastal upwelling systems of the world ocean. Within the California Current 37
System, outbreaks of amnesic shellfish poisoning (ASP) caused by members of the 38 diatom genus Pseudo-nitzschia are also recurrent (Horner et al., 1997; Trainer et al., 39 2000) . 40
The NW Iberian Peninsula is the northern limit of the eastern boundary Large 41
Marine Ecosystem that extend along the Atlantic coasts of Africa and Europe from 42 10ºN to 44ºN (Wooster et al., 1976; Bakun and Nelson, 1991) . At our latitudes, coastal 43 winds are favourable to the upwelling of the cold and nutrient-rich Eastern North 44
Atlantic Central Water during the spring and summer and favourable to the 45 downwelling of surface coastal waters during the autumn and winter (Wooster et al., 46 1976; Álvarez-Salgado et al., 2002) . Four large coastal indentations of more than 2.5 47 km 3 , known as Rías Baixas, occupy the Spanish coast in the 42ºN-43ºN latitudinal 48 range (Fig. 1) . The Rías Baixas behave as an extension of the shelf during the upwelling 49 season, with northerly winds enhancing the positive residual circulation pattern. On the 50 contrary, during the downwelling season, the outer part of the ría circulates like anegative estuary forced by the dominant southerly winds, whereas the inner part 52 behaves as a positive estuary forced by continental runoff (Álvarez-Salgado et al., 53 2000; Piedracoba et al., 2005) . 54
This unique combination of wind patterns and coastal morphology makes the Rías 55
Baixas an exceptional site for the extensive culture of the blue mussel Mytilus 56 galloprovincialis on hanging ropes. The trophic conditions of these coastal ecosystems 57 -where the total particulate matter is below the pseudo faeces production threshold for 58 mussels (3 mg l -1
) and a high proportion of phytoplankton cells is observed (Figueiras 59 et al., 2002) -stimulate high and stable clearance rates (Fernández-Reiriz et al., 2007) . 60
As a consequence, the mussels cultivated in the Rías Baixas report the highest growth 61 rate in the word, with a total production of about 250,000 tons of blue mussels per year, 62 40% of European and 15% of the world production (Labarta et al., 2004) . In the case of 63 the Ría de Arousa (Fig. 1) , with 2300 mussel rafts, the organic carbon in mussels flesh 64 represent about 10% of the net primary production of the ecosystem (Figueiras et al., 65 2002) . The highest economic impact on the mussel harvest is caused by DSP episodes 66 due to Dinophysis acuminata and D. acuta (Reguera et al., 2003) . D. acuminata, albeit in 67 low numbers, is always present in the Rías Baixas over the upwelling season, while D. 68 acuta typically occurs in short pulses at the end of the upwelling season in September 69
and October (Reguera et al., 1995) associated with downwelling episodes. Major PSP 70 events in the Rías Baixas are ascribed to blooms of the chain-forming dinoflagellate 71
Gymnodinium catenatum, which usually take place during downwelling events in late 72 summer-early autumn (Fraga et al., 1988; Figueiras et al., 1994; Fermín et al., 1996) . 73
Both types of toxicity have a great impact on the economy of the region, with estimated 74 economic losses of 56-225 million euros per year from 1989 and 1998 (ECOHARM, 75 2003 . 76
This manuscript shows that the increasing flushing time of upwelled water 77 observed in the Rías Baixas over the last decade, caused by a decrease of the extension 78 and intensity of the upwelling season off NW Spain, is the reason behind the growing 79 number of days that blue mussels on hanging ropes cannot be extracted because of the 80 presence of harmful microalgae. The northerly component of shelf wind-stress ( y ) causes upwelling favourable 84 offshore Ekman transport (I W ) along the western coast of the Iberian Peninsula 85 (Wooster et al., 1976; Bakun and Nelson, 1991) , and southerly winds result in the 86 opposite effect. Ekman transport can be roughly estimated by Bakun's (1973) 
where A  is the density of air (1.22 kg m and H is the inter-quartile range. They represented ~3% of the whole time series. 104
To obtain the 1966-2006 and the 1966-1968, 1967-1969, 1968-1970, …, 2004-2006 
where A 0 is the annual average I W , A 1 and A 2 are the amplitude of annual and semi-109 annual components; 1  and 2  are the diphase of the annual and semi-annual 110 components; and t is the Julian day (ranging from 1 to 365/366). Table 1 ). Two areas, i and j, will belong to the same group when 123 will not belong to the same group. As a result of this analysis, a unique group is retained 127 in the Ría de Muros-Noia and in the Ría de Pontevedra, and two groups are retained in 128 the Ría de Arousa and the Ría de Vigo, were the inner and outer part of the rías has been 129 differentiated (see Fig.1 ). 130
Results 131
The average (1966-1968, 1967-141 1969, …, and 2004-2006) it results in a strong temporal variability of SC[I W ] (Fig. 2) . 142
The percentage of the total variability explained by these seasonal cycles ranges from 143 3.3% to 16.3% for the daily time series, 6.8% to 10.1% for the 7-day running mean 144 time series, and from 33.7% to 49.8% for the 15-day running mean time series of I W . 145
The variability observed in the seasonal cycles is not stochastic, but shows a marked 146 log-term trend in the value of I W (coefficient A 0 in equation 2; Fig. 3a ), the timing of 147 the upwelling and downwelling seasons (Fig. 3b) , and the average value of I W during 148 both seasons (Fig. 3c) . A significant decrease (p < 0.001) of A 0 occurred over the last 40 149 years ( Fig. 3a) , from an upwelling-favourable I W value of 0.20±0.03 m Oscillation climatic scenarios (Visbeck et al., 2001) . 154 Therefore, the decrease in A 0 associates to a significant i) delay of the onset (p 155 <0.05), and ii) advance of the off set (p <0.001) of the upwelling season (Fig. 3b) ; iii) 156 decrease of the intensity of upwelling (p < 0.001) during the upwelling season, and iv) 157 increase of the intensity of downwelling (p <0.001) during the downwelling season (Fig.  158 representing the lower end (see Table 1 Golden Software. Figure 4b shows how the maximum number of days that the inner and 193 outer Ría de Vigo have been closed to mussel extraction distribute once the specific 194 volume and length of the inner and outer ría have been considered (see Table 2 ). 195
Applying the same concepts to the other three Rías Baixas -Pontevedra, Arousa and 196
Muros-Noia (Fig. 1) -the distribution of Figure 4c is obtained, which can be adjusted 197 to the equation: 198
where D is the maximum number of days that the mussel rafts are closed to extraction 199 during a year, and c 1 , 37 ± 2 days, is the coefficients of the non linear regression 200 equation (r 2 = 0.79, n = 42, p < 0.001). According to this equation, the mussels rafts of a 201 given area will be closed to extraction a maximum of 50% and 75% of the days per year 202 if the renewal time is over 25± 1 and 50±3 days, respectively. 203
Discussion and Conclusions 204
The seasonality of coastal winds off NW Spain over the last 40 years is consistent 205 with previous descriptions of the Iberian upwelling system (Wooster et al., 1976; Fiúza, 206 1983; Álvarez Salgado et al., 2002; Cabanas and Álvarez, 2006) The original analysis applied in this work to the time series of offshore Ekman 229 transports allows going deeply on the structure of the switch from upwelling to 230 downwelling favourable conditions over the last 40 years off NW Spain: the extension 231 of the upwelling season has reduced by 30% and upwelling intensity by 45% over the 232 study period. However, the final causes of the changes in the wind structure, which 233 according to Bakun's (1990) Baixas progress from the supremacy of large diatoms in spring, when the water column 246 is still weakly stratified, to an increasing importance of dinoflagellates in late summer 247 when stratification is stronger (Margalef, 1958; Figueiras et al., 2002) . This seasonal 248 change can be altered by strong summer upwelling events, which reset the succession to 249 earlier stages characterised by the dominance of diatoms. The dynamics of the systemalso promotes the spatial segregation between diatoms and dinoflagellates, with the 251 former being more abundant in the interior of the Rías Baixas, where upwelling is 252 stronger. Later stages of succession, typified by a higher importance of dinoflagellates, 253 are usually found in the outer parts of the Rías Baixas, where the water column is 254 stratified. Upwelling and relaxation events modify this structure along the longitudinal 255 axis of these embayments (Tilstone et al., 1994; 2000) . Thus, upwelling enhances 256 positive residual circulation and transports dinoflagellates to the shelf, leaving the Rías 257
Baixas dominated by diatoms. Conversely, during relaxation events the spatial structure 258 contracts and dinoflagellates are advected to the inner part of these coastal inlets. 259 Therefore, the residual circulation determines the microplankton composition in the 260
Rías Baixas during the upwelling season. Since harmful dinoflagellates are habitual 261 components of the summer microplankton community in these embayments (Margalef, 262 1958; Figueiras and Ríos, 1993; Figueiras et al., 2002) , a decrease of the offshore 263 Ekman transport, which produces an increase of the renewal time of the upwelled 264 waters, favours the selection of these species adapted to increased stability -reduced 265 turbulence. The selected species could take advantage from their swimming ability to 266 perform vertical migrations (Villarino et al., 1995) and to obtain inorganic nutrients 267 from the nutricline (Fraga et al., 1992; Álvarez-Salgado et al., 1998) or to maintain in 268 the photic layer counteracting the downward vertical velocity imposed by physical 269 conditions during downwelling (Figueiras et al., 1995 , Fermín et al., 1996 . 270
The increasing recurrence of harmful microalgae in the Rías Baixas of NW Spain, 271 specially of the genus Dynophysis, over the last decade has been a serious handicap for 272 the exploitation of the blue mussel Mytilus galloprovincialis cultured on hanging ropes 273 the key environmental variable that better explains the constrictions to the efficient 275 exploitation of blue mussels in the Rías Baixas. The significant differences observed in 276 the number of days per year that the cultivation zones of the four Rías Baixas are closed 277 to extraction by the Galician Government for health safety reasons can be explained by 278 (Eds.), Toxic phytoplankton blooms in the Sea. Elsevier, pp. 239-244. 332 Figueiras, F.G., Wyatt, T., Álvarez-Salgado, X.A., Jenkinson, I., 1995. Advection, 333 diffusion, and patch development of red tide organisms in the Rías Baixas,. In: 334
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